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This second part of a two-part study examines the prediction of saturated flow boiling heat transfer in
mini/micro-channels. The first part culminated in a technique for determining the dryout incipience
quality corresponding to substantial deterioration in the heat transfer coefficient. In this part, a consol-
idated database for flow boiling in mini/micro-channels is amassed from 31 sources, of which 10,805 data
points are designated as pre-dryout. The pre-dryout database consists of 18 working fluids, hydraulic
diameters of 0.19-6.5 mm, mass velocities of 19-1608 kg/m? s, liquid-only Reynolds numbers of 57-
49,820, qualities of 0-1, and reduced pressures of 0.005-0.69. The pre-dryout database is used to evaluate
prior correlations that have been recommended for both macro-channels and mini/micro-channels. A few
of these correlations are shown to provide fair overall performance, but their accuracy is compromised
against specific portions of the database, especially high pressures and very small diameters. A new gen-
eralized correlation is constructed by superpositioning the contributions of nucleate boiling and convec-
tive boiling. This correlation is shown to provide very good predictions against the entire pre-dryout
database, evidenced by an overall MAE of 20.3%, with 79.9% and 95.5% of the data falling within +30%
and +50% error bands, respectively. Evenly good predictions are achieved for all working fluids and all
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ranges of the database parameters.
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1. Introduction

Two-phase mini/micro-channel devices have gained unprece-
dented popularity in recent years in many applications demanding
the dissipation of large amounts of heat from very small areas [1-
3]. While other two-phase cooling schemes, including pool boiling
[4,5], jet [6-9] and spray [10-13], and surface enhancement [14-
16], have also been considered for similar applications, two-phase
mini/micro-channel devices have been favored for their compact-
ness, relative ease of fabrication, high heat dissipation to volume
ratio, and small coolant inventory. They have also shown remark-
able adaptability for implementation into hybrid cooling schemes
that combine the benefits of mini/micro-channels with those of
jet impingement [17,18].

The immense interest in two-phase mini/micro-channel cooling
has spurred an unusually large number of articles during the past
few years, with special attention paid to the prediction of pressure
drop and heat transfer characteristics. Unfortunately, the large
number of articles has inadvertently led to tremendous confusion
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in the use of thermal design tools. Therefore, there is now an ur-
gent need to (i) evaluate the large body of literature concerning
flow boiling in small channels, and (ii) consolidate published find-
ings into ‘universal’ predictive tools that are applicable to numer-
ous working fluids and broad ranges of operating conditions.

This need has been the primary motivation for a series of stud-
ies that have been recently pursued at the Purdue University Boil-
ing and Two-Phase Flow Laboratory (PU-BTPFL) based on a
methodology that was adopted earlier to predict critical heat flux
(CHF) for water flow in tubes [19-21]. These efforts involved con-
solidation of published databases for mini/micro-channels, and
development of universal predictive tools for pressure drop
[22,23] and condensation heat transfer coefficient [24].

The present two-part study continues these efforts by develop-
ing universal predictive tools for flow boiling heat transfer in mini/
micro-channel. The first part of the study [25] explored dryout lim-
its that constitute important boundaries to flow boiling heat trans-
fer in small channels. Dryout is closely associated with the annular
flow regime prevalent in saturated flow boiling in mini/micro-
channels. However, the axial span of annular flow is highly depen-
dent on working fluid and operating conditions. Two distinct heat
transfer regimes have been identified based on mechanisms that
dominate the largest fraction of channel length upstream of the
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Nomenclature

Bd Bond number

Bo Boiling number, q}}/Ghgg
C1-Cs empirical coefficients

Ca Capillary number

Co Convection number

D tube diameter

Dy, hydraulic diameter

E empirical coefficient

e surface roughness

F empirical coefficient

Fr Froude number

G mass velocity

g gravitational acceleration
h heat transfer coefficient
hgg latent heat of vaporization
hep two-phase heat transfer coefficient
k thermal conductivity

L channel length

M molecular weight

MAE mean absolute error

N number of data points; empirical coefficient
N;-Ng  empirical exponents

Neons Confinement number

Nu Nusselt number

P pressure

P critical pressure

Pr wetted perimeter of channel

Py heated perimeter of channel

Pr reduced pressure, Pg = P[P,

Pr Prandtl number

q" heat flux

ay heat flux based on heated perimeter of channel
Re Reynolds number

Ref superficial liquid Reynolds number, Rey= G(1 — x)Dp/us

Rey, liquid-only Reynolds number, Reg, = GDp/ 1y
Reg, vapor-only Reynolds number, Reg, = GDy/ g
S empirical coefficient

T temperature

We Weber number

X thermodynamic equilibrium quality

Xdi dryout incipience quality

Xt Lockhart-Martinelli parameter based on turbulent li-
quid-turbulent vapor flows

z stream-wise coordinate

Greek symbols
B channel aspect ratio (< 1)

0 percentage predicted within +30%

u dynamic viscosity

& percentage predicted within +50%

p density

o surface tension

Subscripts

3 based on three-sided heat transfer in rectangular chan-
nel

4 based on four-sided heat transfer in rectangular channel

avg average

cb convective boiling dominant heat transfer

cir based on uniform circumferential heating

Cooper  Cooper’s correlation [64]

exp experimental (measured)

f saturated liquid

fo liquid only

g saturated vapor

g0 vapor only

nb nucleate boiling dominant heat transfer

pred predicted

sat saturation

sp single-phase

tp two-phase

dryout location. Shown in Fig. 1(a) is Nucleate Boiling Dominant
heat transfer (e.g. [26-28]), where a significant fraction of the
channel length is dominated by bubbly and slug flow, and the heat
transfer coefficient decreases monotonically due to gradual sup-
pression of nucleate boiling. Fig. 1(b) shows the second, Convective
Boiling Dominant heat transfer (e.g. [29-31]), where a significant
fraction of the channel length is dominated by annular flow, and
the heat transfer coefficient increases along the channel due to
gradual thinning of the annular liquid film. Dryout of the annular
film constitutes an important operational limit for both heat trans-
fer types. But because of a lack of symmetry in the formation and
consumption of the annular film, initial dry patches begin to form
at the location of Dryout Incipience, which marks the point of sub-
stantial reduction in the heat transfer. Dryout Completion, on the
other hand, where the film is fully consumed, is encountered far-
ther downstream.

With the dryout incipience accurately characterized in the first
part of this study [25], the present part concerns the development
of a generalized correlation for the pre-dryout two-phase heat
transfer coefficient associated with saturated flow boiling in
mini/micro-channels. To achieve this goal, published saturated
flow boiling heat transfer databases for mini/micro-channel flows
are amassed from 37 sources [26-62]. The newly consolidated
database is then compared to predictions of previous correlations
for both macro-channels [63-66] and mini/micro-channels

[58,67-74]. A new generalized correlation technique is proposed,
and its predictive accuracy validated for various working fluids
and over very broad ranges of operating conditions.

2. New consolidated mini/micro-channel database

In the first part of the study [25], a generalized correlation for
dryout incipience quality in was developed using five dimension-
less parameters: Weber number, Capillary number, Boiling num-
ber, reduced pressure, and density ratio. Summarized in Table 1,
the dryout incipience quality correlation was validated against a
997 point consolidated database for mini/micro-channels amassed
from 26 sources with very good accuracy.

A new consolidated database consisting of 12,974 data points
for flow boiling heat transfer in mini/micro-channels is amassed
from 37 sources [26-62]. The database includes 11,409 single-
channel data points from 31 sources, and 1565 multi-channel data
points from 6 sources. To develop a generalized correlation for sat-
urated flow boiling heat transfer (i.e., pre-dryout heat transfer),
10,805 pre-dryout data points of the 12,974 point consolidated
database are identified using the dryout incipience quality correla-
tion in Table 1. Table 2 provides key information on the individual
databases incorporated in the consolidated database in chronolog-
ical order, along with the number of pre-dryout data points. Also
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Table 1
Kim and Mudawar’s [25] correlation for dryout incipience quality for saturated flow
boiling in mini/micro-channels.

0.15 0.06
xa = 14WeR”PR%® —15.0(Boft)  ca* (52)

_GDy p, _ P _ 4 _ HG(_ Wep
where Wey, = e Pr =po Bo = Chy Ca =55 (= T )
qy;: effective heat flux averaged over heated perimeter of channel,

Py heated perimeter of channel, Pr: wetted perimeter of channel

indicated in Table 2 are the dependence of heat flux, mass velocity,
and quality on the two-phase heat transfer coefficient, as well as
the dominant heat transfer mechanism as suggested by the origi-
nal authors. The 10,805 point database includes 9576 single-chan-
nel and 1229 multi-channel data points.

The database includes a range of relative roughness that is
deemed to have minimal influence on dryout incipience quality.
For the database of Ohta et al. [48], data exhibiting flow rate fluc-
tuations at the test section inlet are excluded from the database.
Only pure liquid data from the database of Li et al. [61] are in-
cluded; any refrigerant mixture data are excluded.

Any duplicate data in the original databases are carefully iden-
tified and excluded from the consolidated database. Data points are
also excluded that exhibit strong departure from the majority of
comparable data. These include R507A data from Greco [44], and
data of welded stainless steel tubes from Mahmoud et al. [57]
and Karayiannis et al. [60]. It should be noted that the database

(a)

is closely inspected by relying on published data from original
sources.

The present pre-dryout heat transfer database includes a broad
range of reduced pressures, from 0.005 to 0.69. The high pressure
data include those of Yun et al. [36], Pr=0.09-0.61, Yun et al.
[39], Pz = 0.54, Mastrullo et al. [47], Pz = 0.38-0.55, Ducoulombier
[50], Pr=0.36-0.47, Oh and Son [31], Pr=0.54-0.69, and Wu
et al. [59], Pr=0.14-0.47.

In all, the present pre-dryout database includes 10,805 satu-
rated two-phase heat transfer coefficient data points with the fol-
lowing coverage:

- Working fluid: FC72, R11, R113, R123, R1234yf, R1234ze,
R134a, R152a, R22, R236fa, R245fa, R32, R404A, R407C,
R410A, R417A, CO,, and water

- Hydraulic diameter: 0.19 < D;, < 6.5 mm

- Mass velocity: 19 < G < 1608 kg/m? s

- Liquid-only Reynolds number: 57 < Ref, = GDp/tr < 49,820

- Flow quality: 0<x<1

- Reduced pressure: 0.005 < Pk < 0.69.

3. Assessment of previous correlations

When comparing the consolidated database to predictions of
previous models or correlations, the thermophysical properties
for different fluids are obtained using NIST’s REFPROP 8.0 software
[75], excepting those for FC-72, which are obtained from 3M Com-
pany. Three different parameters are used to assess the accuracy of
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Fig. 1. Schematics of flow regimes, wall dryout and variation of heat transfer coefficient along uniformly heated channel for (a) nucleate boiling dominant heat transfer and

(b) convective boiling dominant heat transfer [25].
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Previous saturated flow boiling heat transfer correlations?.

Author(s)

Equation

Remarks

Lazarek and Black [67]
Shah [63]

Cooper [64]
Gungor and Winterton [65]

Liu and Winterton [66]

Tran et al. [68]

Warrier et al. [69]

Yu et al. [70]

Agostini and Bontemps [71]

Bertsch et al. [72]

Li and Wu [73]

Ducoulombier et al. [74]

0857 p,0.714, k GD, [
hy = (30Reg;™"Bo™" ) (p;), Rep, = o Bo =gt

hep = max(E, S)hgp, hep = 0.023RePSPrd4 4,

for N>1.0,S=1.8/N°8, E = 230B0%> for Bo >3 x 107>, or
E=1+46B0% for Bo<3 x 107°,

for 0.1 < N<1.0,5S = 1.8/N°8 E = FBo®° exp(2.74N~01),
for N < 0.1,5S = 1.8/N°® E = FBo® exp(2.47N%1%),

F=14.7 for Bo > 11 x 1074, or F=15.43 for Bo< 11 x 1074,
N = Co for vertical tube,

N = Co for horizontal tube with Fry > 0.04,

N = 0.38Fr;°3Co for horizontal tube with Fry<0.04,

Rey = 100, Co = (139 (%f)o " iy = s
hy = 55P2'12 (*logm(PR)VO 551‘/’70'5‘1@0 67

hep = Ehgy + Shyp, hgy = 0.023Ref 8 Pr* l'%,
0.86
E =1+ 24000B0"'® + 1,37()%“) ’
-1
hib = hep,cooper S = (1 +1.15 x 10’6E2Re}~17) ,
for horizontal tube with Fry < 0.05, replace E and S with

EFr}U’l’ZFr/ ) and SFr2°, respectively

hep = [(Ehgp)? + (Shs)21°%, hsp = 0.023Re%E PP i
} 035

E=[1+xPry(gl—1)

-1
B = hep.coopers S = (1 + OA055E0'1R6%16) ,

for horizontal tube with Fry < 0.05, replace E and S with

0.1-2Fry

EFr; ) and SFr°, respectively

03 04
hyy = 8.4 x10° (Bo?Wey, ) (12) ", Wy, = 52

hep = Ehgy, hgy = 0.023Re},3Prp* ‘%' E=1.0+6.0Bo!/16
- 5.3(1 - 855B0)x%>

0.2
hep = 6.4 x 10°(Bo*Wey,)*?7 (%)

hyp = 2823 G025x-010 for x < 0.43, hy, — 28q]2/3G0%4x-295 for
x>0.43

hrp =Ehep + Shup, hep = hspfo(l - X) + hsp,guxy

E=1+80(x* - x%)exp( - 0.6Ncony),

hap = htp,Cooper- S=1-x,

0
0.0668%RepPr; | K
Neons = o hsp o = | 3.66 + L= | o
7 Vs pny S 14004 %Re,pry | ) P

D,
0.0668-LReg, Pr, k, GD, GD,
h = (3.66 + ——51 ¢ ) & Rep, = =1 Regy = =7
sp.go 140.045RegoPrg 72 ) D W0 = Ty R8O T g

0.4 2
hip = 334B0°° (BdRep ™) " 1, Bd = Lo

hep = Max(Mup, hey), iy = 131P% 0% (—log,(Pr)) "> M0 058,

if Bo>1.1 x 1074,

2/3 /
hey = [1 47 % 10°Bo +0.93 ()%) } (0.023Re2,‘8Pr}/3 g)

0.986
if Bo<1.1 x 104 hy = [1 + ng(xin) ](0.023Re}13Pr}"4 157,1)

D =3.15 mm, R113, nucleate boiling dominant

D =6-25.4 mm, water, R11, R12, R22, R113,
cyclohexane, 780 data points

6000 data points for nucleate pool boiling

D =2.95-32.0 mm, water, R11, R12, R113, R114, R22,
ethylene glycol, 4300 data points

Same data as Gungor and Winterton’s [65]

D =2.46, 2.92 mm, D, = 2.40 mm, R12, R113, nucleate
boiling dominant
Dp, =0.75 mm, five parallel, FC84

D = 2.98 mm, water, ethylene glycol, nucleate boiling
dominant
Dy =2.01 mm, 11 parallel, R134a

Dy =0.16-2.92 mm, water, refrigerants, FC-77, nitrogen,
3899 data points

Dy = 0.16-3.1 mm, water, refrigerants, FC-77, ethanol,
propane, CO,, 3744 data points
D =0.529 mm, CO,

1243

Oh and Son [58] hp = 0'034Re})8pr})3[]'58(%")0.87](%)

D=1.77, 3.36, 5.35 mm, R134a, R22

¢ The Cooper [64] correlation was developed for nucleate pool boiling.

individual models or correlations. 0 and ¢ are defined as the per-
centages of data points predicted within £30% and +50%, respec-
tively, and MAE the mean absolute error, which is determined
according to

1 ‘htp.pred - htp.exp‘
MAE=—_- ) ————————— x 100%. 1
N Z htp,exp 8 ’ ( )

Table 3 provides a summary of previous saturated flow boiling heat
transfer correlations that have been recommended previously for

macro-channels [63-66] and mini/micro-channels [58,67-74]. It
should be emphasized that the correlations in Table 3 were derived
for specific fluids and specific ranges of operating conditions. The
Cooper [64] correlation, which was originally developed for nucle-
ate pool boiling, has been recommended for nucleate flow boiling
in several published works, such as those of Gungor and Winterton
[65], Liu and Winterton [66], Bao et al. [29], Yun et al. [39], and
Bertsch et al. [45,72]. The correlations of Lazarek and Black [67],
Tran et al. [68], and Yu et al. [70] are based on their respective
nucleate boiling dominant heat transfer data. The correlations of
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and Winterton [65], and (d) Liu and Winterton [66].

Warrier et al. [69] and Agostini and Bontemps [71] were developed
specially for multi-port mini/micro-channel test sections. Shah [63],
Gungor and Winterton [65], and Liu and Winterton [66] proposed
generalized correlations based on broad-range of databases for
macro-channels, and Bertsch et al. [72], and Li and Wu [73] for
mini/micro-channels.

Since the correlations in Table 3 are intended for uniform cir-
cumferential heating in circular tubes, or rectangular channels
with four-sided heating, a multiplier is adopted when applying
these correlations to saturated flow boiling data in rectangular
channels with three-sided wall heating, such as those of Qu and
Mudawar [26], Lee and Mudawar [37], Agostini et al. [42], and
Bertsch et al. [45]. Following a technique adopted in Refs.
[24,26,37,76], the saturated flow boiling heat transfer coefficient
for three-sided heating is related to that for uniform circumferen-
tial heating by the relation

Nu
htp = (N_llz) htp,cin (2)

where hy, - is the local heat transfer coefficient based on uniform
circumferential heating obtained from Table 3, and Nus and Nuy
are Nusselt numbers for thermally developed laminar flow with
three-sided and four-sided heat transfer [77], respectively,

Nus = 8.235(1 — 1.8338+3.7676> — 5.8144% + 5.3618* — 2.08°) (3a)
and

Nuy = 8.235(1 — 2.0428 + 3.0854% — 2.477° + 1.0584* — 0.186°). (3b)

Figs. 2 and 3 compare the 10,805 pre-dryout data points with pre-
dictions of previous empirical heat transfer correlations recom-
mended for macro-channels [63-66] and mini/micro-channels
[58,67-74], respectively.

Fig. 2 shows the previous heat transfer correlations recommended
for macro-channels provide fair to poor predictions of the consolidate
database. The correlation of Copper [64] generally underpredicts the
database, while that of Gungor and Winterton [65] overpredicts the
database. Most of the high pressure data are underpredicted by the
Shah [63] and Liu and Winterton [66] correlations.

Fig. 3 shows most of the mini/micro-channel correlations pro-
duce large scatter against the consolidate database, especially
those of Yu et al. [70] and Agostini and Bontemps [71]. The consol-
idated database is generally underpredicted by Lazarek and Black
[67], and Bertsch et al. [72], significant underpredicted by Tran
et al. [68], Warrier et al. [69], and Oh and Son [58], and significant
overpredicted by Ducoulombier et al. [74]. The correlations of Laz-
arek and Black, Warrier et al., and Agostini and Bontemps overpre-
dict most high pressure data.

Among all previous correlations for macro-channels and mini/mi-
cro-channels, those of Lazarek and Black, and Liu and Winterton show
relatively fair predictions, but their accuracy is compromised against
convective boiling dominant data and diameters below 0.5 mm.

4. New predictive method

The primary objective of this study is to develop a simple
method to predicting the heat transfer coefficient for saturated
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Fig. 3. Comparison of 10,805 pre-dryout data points with predictions of previous correlations recommended for mini/micro-channels: (a) Lazarek and Black [67], (b) Tran
et al. [68], (c) Warrier et al. [69], (d) Yu et al. [70], (e) Agostini and Bontemps [71], (f) Bertsch et al. [72], (g) Li and Wu [73], (h) Ducoulombier et al. [74], and (i) Oh and Son

[58].

Table 4
New correlation for pre-dryout saturated flow boiling heat transfer in mini/micro-
channels.

hey = (g + hgy)*®
hy = [2345(Bof)°7 PR**(1 —x)°*'] (0.023ReP *Pr* 1)

hey = [52 (Bot) " wer2% 1 35()"" (&) 025} (0.023RePrY* k)

Pr
where Bof—qé— Po — P Rer — SU—XDu ye _ Gy X — (H 01 . 109 e 05
T Ghy TR T P N T Ty Vo T e At T g, (T) P ’

qy;: effective heat flux averaged over heated perimeter of channel, Py: heated
perimeter of channel, Pr: wetted perimeter of channel

boiling in mini/micro-channel flows with high accuracy.
As discussed earlier, the correlations of Gungor and Winterton
[65], Ducoulombier et al. [74], and Oh and Son [58], which
where based on the popular functional form of Schrock and
Grossman |[78], yielded inferior predictions of the present
consolidated database. Schrock and Grossman proposed the fol-
lowing form based on their experimental data for upward
water flow in channels having diameters from 2.95mm to
10.97 mm,
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Table 5

Comparison of individual mini/micro-channel pre-dryout heat transfer databases with predictions of present and select previous correlations.

Author(s) Dy [mm] Fluid(s) (hus/ Mean absolute error [%]
a
hepavg Lazarek and Black  Shah Liu and Bertsch et al.  New
[67] [63] Winterton [66] [72] correlation
Wambsganss et al. 2.92 R113 212 20.0 21.6 27.2 19.6 25.5
(32]
Tran [33] 2.46 R134a 1.71 315 30.8 275 31.0 231
Wang et al. [34] 6.5 R22 0.65 26.5 332 33.6 279 26.2
Yan and Lin [35] 2.0 R134a 1.44 35.9 31.0 23.7 24.2 21.8
Bao et al. [29] 1.95 R11, R123 5.24 9.6 18.6 28.8 29.6 14.2
Qu and Mudawar 0.349 Water 0.26 41.0 61.8 41.8 19.5 20.5
[26]
Sumith et al. [27] 145 Water 0.21 36.4 353 311 40.2 28.6
Yun et al. [36] 6.0 R134a, CO, 2.37 331 39.8 239 24.4 24.0
Huo et al. [30] 2.01, 4.26 R134a 7.92 16.0 343 28.1 25.6 13.6
Lee and Mudawar 0.349 R134a 2.93 12.6 21.7 41.5 46.9 26.2
[37]
Saitoh et al. [38] 0.51, 1.12, R134a 0.72 30.7 173 19.6 31.1 144
3.1
Yun et al. [39] 1.14, 1.53, CO, 2.00 26.7 45.4 209 24.0 18.6
1.54
Muwanga and 1.067 FC72 6.80 19.2 40.4 30.9 42.7 224
Hassan [40]
Zhao and Bansal [41] 4.57 CO, 1.16 124 15.7 14.6 26.6 10.2
Agostini et al. [42] 0.336 R236fa 335 344 52.1 36.9 251 17.8
Consolini [43] 0.51, 0.79 R134a, R236fa, R245fa 3.55 149 30.7 325 33.1 14.9
Greco [44] 6.0 R134a, R22, R404A, R407C, 1.00 28.5 41.1 50.2 36.5 21.0
R410A, R417A
Bertsch et al. [45] 0.544,1.089 R134a, R245fa 3.34 46.3 240 264 224 22.0
In and Jeong [46] 0.19 R123, R134a 0.77 40.9 323 42.6 45.8 13.0
Mastrullo et al. [47] 6.0 CO, 2.08 19.9 34.9 14.0 133 15.5
Ohta et al. [48] 0.51 FC72 1.14 27.0 29.2 17.6 213 11.0
Wang et al. [49] 13 R134a 2.65 24.6 233 26.8 443 17.2
Ducoulombier [50] 0.529 CO, 1.34 375 29.1 239 383 15.9
Hamdar et al. [51] 1.0 R152a 1.11 39.5 29.0 22.7 46.7 29.6
Martin-Callizo [52] 0.64 R134a, R22 291 15.3 9.3 15.8 23.1 19.8
Ong [53] 1.03, 2.20, R134a, R236fa, R245fa, 3.64 253 33.9 23.8 21.9 24.7
3.04,
Tibiricd and Ribatski  2.32 R134a, R245fa 0.91 37.2 13.6 15.5 313 17.8
[54]
Ali et al. [55] 1.7 R134a 4.79 29.6 395 34.2 31.8 28.7
Bang et al. [28] 1.73 Water 0.36 29.8 314 201 25.2 15.1
Copetti et al. [56] 2.62 R134a 3.18 25.0 19.2 21.0 29.2 19.8
Mahmoud et al. [57] 1.1 R134a 4.94 23.2 36.5 41.9 40.3 16.7
Oh and Son [31] 4.57 CO, 10.00 124 36.5 7.1 22.0 184
Oh and Son [58] 1.77, 3.36, R134a, R22 1.52 333 26.6 251 37.4 21.8
5.35
Wu et al. [59] 142 CO, 1.42 41.3 34.6 25.0 30.8 16.4
Karayiannis et al. 1.1 R134a 3.20 31.1 36.9 43.0 47.0 28.2
[60]
Li et al. [61] 2.0 R1234yf, R32 0.73 40.2 21.9 19.5 42.6 14.5
Tibirica et al. [62] 1.0,2.2 R1234ze 1.82 10.0 14.7 11.7 19.5 19.8
Total 28.2 32.0 28.1 30.5 203
@ Average value of h,/h, for individual database, where h,,, and h, are calculated using Table 4.
1\*? 08,04 K P\ N3 08,04 Kr
hy = |C1Bo+ Co | o 0.023Rel®Pry* 2L ), (4)  hy=|C(Bo) PY(1-x) 0.023Re®Pr* 2 ), (5a)
Xt Dy Pe Dy

where Bo and X are the Boiling number and Lockhart-Martinelli
parameter [79] based on turbulent liquid-turbulent vapor flows,
respectively. The first and second terms in the first multiplier in
Eq. (4) reflect the influences of the nucleate boiling dominant and
convective boiling dominant regimes, respectively. The second mul-
tiplier is the Dittus-Boetler single-phase heat transfer coefficient
relation based on Reg.

An alternative strategy adopted in the present study is to utilize
the general functional form of Schrock and Grossman, but with the
Dittus-Boetler relation based on Rey. The following relation is pro-
posed to predict the heat transfer coefficient for the nucleate boil-
ing dominant regime,

and for the convective boiling dominant regime,

_ N,
_ P\ ™ Ns 1\" Pg 08,04 Kr
hy = | Cy <BOP—F> Wells + Cs <X7> o <0.023Ref P DT)’

(5b)

Notice that the term including X, in Eq. (4) is deliberately omitted
from Eq. (5a) due to its negligible influence in the nucleate boiling
dominant regime. To account for nucleate boiling suppression, the
term (1—x)™ is introduced in Eq. (5a). The reduced pressure
and density ratio terms are used to both cope with the drastically
different thermophysical properties of the different working fluids
(FC72, refrigerants, CO,, and water) and broad range of operating
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Table 6
Assessment of present correlation and select previous correlations against four subsets of 10,805 point pre-dryout database corresponding to refrigerants, water, CO,, and FC72.

Author(s) Refrigerants dryout incipience Water dryout incipience CO, dryout incipience database  FC72 dryout incipience

database (8222 points) database (485 points) (1758 points) database (340 points)

MAE (%) 0 (%) £ (%) MAE (%) 0 (%) £ (%) MAE (%) 0 (%) ¢ (%) MAE (%) 0 (%) & (%)
Lazarek and Black [67] 26.5 66.4 89.8 38.7 45.2 69.7 34.8 40.7 79.9 19.5 77.9 93.8
Shah [63] 30.4 60.7 874 53.0 37.9 59.0 32.2 45.2 87.5 40.0 54.7 724
Liu and Winterton [66] 28.5 63.2 90.1 37.0 48.9 73.8 229 70.0 974 304 55.6 86.5
Bertsch et al. [72] 30.0 52.8 914 239 67.0 90.3 32.6 44.3 81.1 41.9 224 60.9
New correlation 21.0 79.2 95.2 21.2 72.2 98.4 16.3 87.0 97.7 219 70.9 87.6

pressure. The ratio of the flow channel’s heated to wetted perime-
ters, Py/Pr is also considered to tackle three-sided wall heating
(e.g., Qu and Mudawar [26], Lee and Mudawar [37], Agostini et al.
[42], and Bertsch et al. [45] in Table 2), instead of using the multi-
plier for three-sided heating, Eq. (2). Incorporating Wey, in Eq. 5(b)
is intended to account for the influence of interactions between

inertia and surface tension force since surface tension plays a more
significant role in mini/micro-channels than in macro-channels; the
Weber number is defined as
G°D
WE'fO = f .
Pr0

(6)
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Fig. 7. Comparison of water, CO,, and FC72 data of 10,805 point pre-dryout database with predictions of: (a) Lazarek and Black [67], (b) Shah [63], (c) Liu and Winterton [66],

(d) Bertsch et al. [72], and (e) new correlation.

Table 7

Assessment of present correlation and previous correlations with two subsets of 10,805 point pre-dryout database corresponding to nucleate boiling dominant and convective

boiling dominant heat transfer.

Author(s) Nucleate boiling dominant database (8264 points)* Convective boiling dominant database (2541 points)
MAE (%) 6 (%) ¢ (%) MAE (%) 0 (%) ¢ (%)
Lazarek and Black [67] 24.3 713 93.0 40.6 30.1 69.0
Shah [63] 31.3 57.0 86.9 342 56.8 81.9
Cooper [64] 29.7 53.6 90.6 44.6 22.1 58.8
Gungor and Winterton [65] 58.9 39.7 56.8 46.0 479 67.5
Liu and Winterton [66] 26.8 64.8 92.7 32.0 59.1 82.9
Tran et al. [68] 34.1 49.1 73.8 64.0 15.5 30.6
Warrier et al. [69] 43.1 36.1 67.0 56.2 19.2 374
Yu et al. [70] 1673 0.0 0.0 928.5 8.2 15.2
Agostini and Bontemps [71] 52.4 43.3 62.0 62.1 224 36.0
Bertsch et al. [72] 28.5 55.6 93.5 37.0 36.2 733
Li and Wu [73] 49.9 52.1 69.0 52.8 42.8 63.0
Ducoulombier et al. [74] 66.5 38.9 54.0 36.3 60.7 76.3
Oh and Son [58] 62.9 8.4 274 31.5 61.5 81.8
New correlation 20.7 80.1 95.3 19.0 79.2 96.3

2 Nucleate boiling dominant data corresponding to hy,/h¢, > 1.0, where h,,;, and hg, are calculated using Table 4.

A superposition of the Churchill and Usagi [80] type of h,,;, and h, is
used to obtain a single relation for the heat transfer coefficient,
1/Ng
ho = (M +hip) (7)
Based on the entire 10,805 point pre-dryout database for saturated
flow boiling in mini/micro-channels, the following simple relations,
which are also detailed in Table 4, are proposed for predicting sat-
urated flow boiling heat transfer coefficient, where all the empirical
constants are determined by minimizing MAE against the database,

hy = (hib + h?b>0.5v

where

ha = |2345 (BOP H
P

and

070 0.38 ~051 08,04 Kr
—) Py (1 —x)" (0.023Ref' Pre —),

Dy,

(8a)

(8b)
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Py\ %% 0.54 1% Pg 0% 087,04 Kr
hey = 5.2<BoP—F> We,2% 135 (7) (p—f) <0.023Re, Pr E)’

(8¢)

where the Boiling number is expressed in terms of g}, the effective
heat flux averaged over the heated perimeter of the channel,

4y
Bo = Che (9)

Fig. 4(a) and (b) shows predictions of the new saturated boiling heat
transfer correlations compared to two subsets of the 10,805 point
pre-dryout database: nucleate boiling dominant data and convec-
tive boiling dominant data, respectively. Notice that the nucleate
boiling dominant data correspond to h,,/hs > 1.0, where h,;, and
hep are calculated using Table 4. The MAE for the 8264 data nucleate
boiling dominant subset is 20.7%, with 80.1% and 95.3% of the data
falling within +30% and +50% error bands, respectively. The corre-
sponding values for the 2541 data convective boiling dominant sub-
set are MAE of 19.0%, and 79.2% and 96.3% of the data falling within
+30% and +50% error bands, respectively. The overall MAE for the
entire 10,805 point pre-dryout database is 20.3%, with 79.9% and
95.5% of the data falling within #30% and +50% error bands,
respectively.

Achieving low MAE values is an incomplete measure of the
effectiveness of a correlation. A more definitive measure is good
predictive accuracy over broad ranges of individual flow parame-
ters. As discussed in [20-24], this notion is overlooked in most
studies involving the development of two-phase pressure drop
and heat transfer correlations.

Fig. 5 shows, for each parameter, both a lower bar chart distri-
bution of number of data points, and corresponding upper bar
chart distribution of MAE in the prediction of the new saturated
boiling heat transfer correlation. The distribution of the entire
10,805 point pre-dryout database is examined relative to working
fluid, hydraulic diameter, Dy, mass velocity, G, liquid-only Reynolds
number, Rey,, quality, x, and reduced pressure, Pg. Overall, the new
correlation shows very good predictions for most parameter bins,
evidenced by MAE values generally around 20%. Notice that the
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parameter ranges corresponding to 50,000 < Res, < 60,000 and
0.7 < P < 0.8 are not recommended, since data numbers in those
ranges are very sparse to ascertain the accuracy of the present
correlation.

Another measure of the predictive accuracy of the new correla-
tion is the ability to provide evenly good predictions for individual
databases comprising the consolidated database. Table 5 compares
individual mini/micro-channel databases from 37 sources with
predictions of the present correlation as well as select previous
correlations that have shown relatively superior predictive capa-
bility. Average values of hy,/h., of individual databases are also
presented in Table 5, where h,, and h., are calculated using the
present correlation as indicated in Table 4; a large value of (h,/
heb)ave indicates nucleate boiling is the dominant heat transfer re-
gime, while a small value indicates convective boiling associated
with annular film evaporation is dominant. Notice that dominant
heat transfer mechanism determined by the corresponding (hy/
heb)avg value is generally in good agreement with that suggested
by the original author(s) in Table 2 (e.g., nucleate boiling domi-
nance indicated by Bao et al. [29] correspond to (hnp/heb)avg = 5.24,
and convective boiling dominance indicated by Qu and Mudawar
[26] correspond to (hpp/hep)avg = 0.26). Interestingly, the Lazarek
and Black [67] correlation, which is based on nucleate boiling dom-
inant data for R113, shows good predictions for some nucleate
boiling dominant data for refrigerants, but poor predictions for
most convective boiling data. The Liu and Winterton [66] correla-
tion, which is based on data corresponding to D = 2.95-32.0 mm,
provides inferior predictions for most data corresponding to diam-
eters below 2 mm. Additional details concerning the effects of
channel hydraulic diameter, working fluid, and dominant heat
transfer regime will be discussed below. The present correlation
provides very good predictions for all individual databases, with
the best overall MAE of 20.3% and with 23 databases predicted
more accurately than any of the select previous correlations.

The accuracy and limitations of previous correlations are also
assessed by comparing predictions over the entire range of hydrau-
lic diameters as shown in Fig. 6. Among the select previous corre-
lations, only those of Lazarek and Black [67] and Liu and Winterton
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Fig. 8. Comparison of predictions of new correlation with two subsets of 10,805 point pre-dryout database corresponding to: (a) multi-channels and (b) single-channels.
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[66] show relative good predictions for the range of 2.0-5.0 mm,
with MAEs smaller than 25% for most bins. Notice, however, that
the predictions of Lazarek and Black [67], Shah [63], and Liu and
Winterton [66] are especially poor for very small diameters below
0.5 mm. In contrast, the predictive accuracy of the new correlation
is fairly even over the entire range of diameters.

To further explore the accuracy of the present correlation, the
effects of different working fluids are examined. Table 6 shows pre-
dictions of the present and select previous correlations compared
to four subsets of the 10,805 point pre-dryout database: refriger-
ants, water, CO,, and FC72. The results are also represented graph-
ically in Fig. 7a-e for water, CO, and FC72. Excepting FC72
predictions by Lazarek and Black [67], the previous correlations
are incapable of providing evenly good predictions for all four data
subsets. The new correlation shows excellent predictions for all
data subsets, evidenced by MAEs of 21.0% for refrigerants, 21.2%
for water, 16.3% for CO,, and 21.9% for FC72.
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Table 7 shows predictions of the present and previous correla-
tions with two subsets of the 10,805 point pre-dryout database:
nucleate boiling dominant data and convective boiling dominant
data. For the 8264 nucleate boiling dominant data, the correlations
of Lazarek and Black [67] and Liu and Winterton [66] show rela-
tively fair predictions, while, for the 2541 convective dominant
data, predictions by all previous correlations are relatively poor.
The new correlation provides the best predictions for both subsets,
with MAEs of 20.7% and 19.0% for nucleate boiling dominant data
and convective boiling dominant data, respectively.

Fig. 8a and b compare predictions of the new correlation with
two subsets of the 10,805 point pre-dryout database corresponding
to multi-channel flow and flow in single channels, respectively.
The MAE for the 1229 multi-channel data subset is 20.1%, with
77.8% and 95.6% of the data falling within +30% and +50% error
bands, respectively. The corresponding values for the 9576 sin-
gle-channel data subset are MAE of 20.3%, and 80.2% and 95.5%
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Fig. 9. Comparison of predictions of present heat transfer correlation with experimental data corresponding to convective boiling dominant heat transfer by: (a) Wu et al.
[59], (b) Li et al. [61], (c) Greco [44], and (d) Bang et al. [28]. The case of (hnp/hcp)avg = 1.69 in Fig. 9(b) is shown to illustrate the transition from convective boiling dominant to

nucleate boiling dominant heat transfer.
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Fig. 10. Comparison of predictions of present heat transfer correlation with experimental data corresponding to nucleate boiling dominant heat transfer by: (a) Ong [53], (b)

Yun et al. [39], (c) Ong [53], and (d) Oh and Son [31].

of the data falling within +30% and +50% error bands, respectively.
This proves that the predictive capability of the new correlation is
not compromised for specific subsets of the database.

To further examine the predictive accuracy of the new heat
transfer correlation, its predictions are compared with representa-
tive convective boiling dominant data [28,44,61,59] and nucleate
boiling dominant data [31,39,53], as shown in Figs. 9 and 10,
respectively. These two figures also confirm the predictive accu-
racy of the dryout incipience quality correlation presented in the
first part of this study [25] by identifying locations of dryout incip-
ience corresponding to sudden decline in the heat transfer coeffi-
cient quite accurately. Notice that for (hup/hep)avg < 1, convective
boiling is more dominant and hy, has a positive slope vesus x,
whereas nucleate boiling is dominant for (hu/hep)avg > 1, Where
hnp and hg, are calculated using the present correlation summa-

rized in Table 4, and (hup/hcp)ave is averaged up to the location of
dryout incipience.

For the convective boiling dominant regime, the heat transfer
coefficient generally increases with increasing mass velocity in
both the data and predictions, Fig. 9a and c, but is less sensitive
to heat flux variations as shown in Fig. 9(d). However, as the
contribution of nucleate boiling increases, as shown for
(hnp/hep)avg =1.69 in Fig. 9(b), both the slope of h, versus x
decreases and h,, becomes sensitive to the increase in heat flux.

For the nucleate boiling dominant regime corresponding to high
(hnb/heb)avg values, hy, is sensitive to heat flux variations as shown
in Fig. 10a—-c, and the slope of h, versus x becomes negative with
increasing heat flux, Fig. 10a-d. Figs. 9 and 10 prove that the
new correlation accurately captures experimental data in both
magnitude and trend.
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Fig. 11. Predicted effects of (a) heat flux, (b) saturation temperature, (c) mass velocity, and (d) channel diameter on the variation of two-phase heat transfer coefficient with

quality.

Fig. 11a-d shows parametric trends of hy, versus x correspond-
ing to variations in heat flux, g}, saturation temperature, Tsq, Mass
velocity, G, and channel diameter, Dy, predicted by the new heat
transfer correlation. Fig. 11(a) shows hy, increases with increasing,
q}, because of the increasing contribution of nucleate boiling. No-
tice that the trend of h, versus x changes depending on the dom-
inant heat transfer regime as shown in the two small plots in
Fig. 11(a) corresponding to the highest and lowest g}, values. h,
decreases with increasing x where nucleate boiling is dominant
(i.e., (hnp/heb)avg = 1), and increases with increasing x where con-
vective boiling is dominant (i.e., (hup/hep)ave < 1). Fig. 11(b) shows
hy versus x for CO,, with Ty increasing from —73.8 to 2.2 °C, cor-
responding to an increase in reduced pressures from Pg = 0.014 to
0.5. The predicted heat transfer coefficient increases due to the
dependence on Py in Eq. (8b). The contribution of nucleate boiling
increases with increasing Ty, evidenced by increasing values of
(hnb/heb)avg, Tesulting in the slope of hy, versus x changing from po-
sitive to negative. Fig. 11(c) shows hy, increases with increasing G
because of the increased contribution of convective boiling, which
is mainly due to the increase in Rerin the Dittus-Boelter relation in
Eq. (8b). As shown in Fig. 11(d), increasing Dy, decreases hy, because
of a decrease in hyy. Here, (hyp/hep)avg increases with increasing Dy,
because h., decreases more rapidly than hyy,.

Fig. 12a-d shows parametric trends of h, versus x predicted by
the new heat transfer correlation for water, CO,, R134a, and FC72,
respectively. The cases examined here are for a constant saturation
pressure of Py, = 1 bar, mass velocity of G = 150 kg/m? s, heat flux
of q),=10W/cm? and hydraulic diameter of D,=0.5mm. As
shown in Fig. 12(a) for water, convective boiling is very dominant
and nucleate boiling virtually nonexistent, resulting in h, increas-
ing with increasing x. On the other hand, Fig. 12(d) shows for FC72
that nucleate boiling is dominant and h;, decreases with increasing
X. Relatively strong contribution of h., is observed for CO,,
Fig. 12(b), and of h,;, for R134a, Fig. 12(c), before the location of
dryout incipience. Notice for R134a, how superimposing a decreas-
ing hpp with increasing hg, causes hy, to remain nearly constant
with increasing x.

5. Conclusions

This paper is the second part of a two-part study addressing the
prediction of heat transfer for saturated flow boiling in mini/micro-
channels. The first part examined the determination of dryout
incipience quality, which marks the location where the heat trans-
fer coefficient begins to decrease appreciably. This part explored
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Fig. 12. Predicted variations of two-phase heat transfer coefficient variation with quality for (a) water, (b) CO,, (c) R134a, and (d) FC72.

the development of a universal correlation for the pre-dryout two-
phase heat transfer coefficient. Key findings from the study are as
follows:

(1)

A new consolidated database for flow boiling heat transfer in
mini/micro-channels that consists of 12,974 data points was
amassed from 31 sources. Of these, 10,805 are designated as
pre-dryout data by using the correlation derived in the first
part of this study. The pre-dryout database consists of 18
working fluids, hydraulic diameters of 0.19-6.5 mm, mass
velocities of 19-1608 kg/m? s, liquid-only Reynolds num-
bers of 57-49,820, qualities of 0-1, and reduced pressures
from 0.005 to 0.69. The database includes single- and
multi-port data, and both uniform circumferential heating
and rectangular channels with three-sided heating.

(2) The pre-dryout consolidated database was compared to pre-

vious correlations recommended for both macro-channels
and mini/micro-channels. While a few of these correlations
showed some success relative to others, none provided good
predictive accuracy for all fluid categories. Additionally,
some of the more successful correlations showed poor accu-
racy against high pressure and very small diameter data.

(3) A new generalized correlation is proposed, which is based on

superpositioning the contributions of nucleate boiling and
convective boiling. This correlation shows very good predic-
tive accuracy against the entire pre-dryout database, evi-
denced by an overall MAE of 20.3%. The new correlation is
also shown to provide evenly good predictions for all work-
ing fluids and all ranges of the database parameters, as well
as both single- and multi-port data.
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